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Optical Interaction of Two Closely Spaced Nanoholes in Au Film
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Abstract— Two closely spaced nanoholes analyzed as two tiny interacting magnetic dipoles
depending on the incident beam polarization [1–3]. It is demonstrated that the optical coupling
mechanism between two nanoholes inherently has a magnetic property, unlike the electric dipoles
which are mainly coupled through electric-fields [4]. It is obvious that, in comparison with
a single hole, the transmission experiences two peaks for Fig. 1(b) where the long and short
wavelength peaks are proportional to anti-phase and in-phase magnetic dipoles, respectively.
The long wavelength peak considerably blue-shifts by increasing the distance, whereas the short
wavelength peak partially red-shifts. It is obvious from Fig. 1(a) and Fig. 1(b) that the electric
field is confined in the air region of nanoholes and thus unlike electric dipoles, coupling through
electric fields for nanoholesis very weak, while coupling through magnetic fields is strong. The
peak of Fig. 1(d) is due to the in-phase interaction of dipoles and experiences a little blue shift
relative to single hole, which is caused by electric coupling of dipoles.
1. INTRODUCTION

Since exploration of enhanced and extraordinary optical transmission through subwavelength nanoholes, much attention has been attracted to phenomena and applications related to subwavelength
apertures drilled in a metal film [1]. The most important optical feature of metallic nanostructures
is the bypassing of the diffraction limit in conventional optics. Using this unique trait and the
electrical properties of metallic nanostructures, plasmonics could take a major step toward achieving nanoscale photonic and electronic devices. The extraordinary optical transmission through
nanoholes is due to the arrangement of surface plasmon polaritons (SPPs) and refractive coupling
effects with localized resonances [2]. The SPP coupling occurs when the separation distance between
holes is comparable to the SPP wavelength, or in other words each nanohole locates in the far-field
optical region of its neighboring hole. In the present study, the coupling mechanisms between two
closely spaced (i.e., in the near-field region of each other) subwavelength holes are investigated.
2. THE THEORY AND MODEL

We deal with the optical coupling effects of two nanoholes which are placed closely. Two rectangular
shaped nanoholes with equal sizes are considered. It is appropriate to investigate the electric and
magnetic field powers in the near-field region to identify the electric or magnetic coupling effect of
twonanoholes. The normalized electric and magnetic power amplitudes can be obtained using [5]:
Z
−1
Ae =
E · Jdv,
(1)
P
Zv
1
Am =
H · Mdv,
(2)
P
v

where, J and M are the volume distribution of the electric and magnetic current densities induced
in the metal region around the nanohole, respectively. In Eq. (1) and Eq. (2), P0 is a normalization
factor to the power flow, which is defined as [5]:
Z
P0 = 2 (E × H) · n̂ds,
(3)
S0

Figures 1(a) and 1(b) depict the field profile of |Hy /H0 |2 and |Ex /E0 |2 components for a rectangular
nanohole in a thin gold film and the normalized power amplitudes in the metal medium, respectively.
The integration region of S0 in Eq. (3) is a rectangular area from x = −200 to 200 nm, and y = −200
to 200 nm. The simulation is based on a three dimensional finite-difference time-domain (FDTD)
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method [6], with ∆x = ∆y = ∆z = 3 nm, and considering that each nanohole dimension is
a = 100 nm, b = 200 nm, and thickness d = 100 nm. It is obvious from Fig. 1(a), although the
incident light is polarized along x-axis, the rectangular nanohole’s magnetic field radiates along yaxis, and the electric field is confined in the dielectric region (inside the nanohole). This is in contrast
to the nanoparticles, which radiate along the P vector (polarization of the incident light). Fig. 2(a)
depicts the normalized magnetic power amplitude, obtained from FDTD simulation and quasi-static
approximation. The quasi-static approximation has a good agreement with the calculations. The
normalized magnetic power amplitude, as a criterion for comparison between electric and magnetic
powers, is much greater than the normalized electric power (i.e., the normalized electric power
is in the order of 10−3 ). Fig. 2(b) shows the normalized magneticpower amplitudes of the two
rectangular nanoholes which are positioned in the near-field region of each other and are exposed
by an x-polarized incident field.

(a)

(b)

Figure 1: Intensities of (a) the magnetic field component (|Hy /H0 |2 ), and (b) the electric field component
(|Ex /E0 |2 ) of the rectangular nanohole milled in an Au film with a = 100 nm, b = 200 nm and d = 100 nm
at λ = 730 nm (LSPR wavelength).
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Figure 2: The normalized magnetic power amplitude for (a) single rectangular nanohole, and (b) two closely
spaced nanoholes in gold film.

The separation distance between nanoholes experiences different values of ∆ = 5, 10, and 15 nm,
respectively. In order to confirm the results, the analytic calculation for the amplitude of the
magnetic power, based on the quasi-static dipole approximation, is presented. As mentioned in
Fig. 4(a) the electric power is negligible in the gold medium thus, the normalized magnetic power
is investigated in the ∆ region. According to Fig. 2(b) the limited increasing of the separation
distance results in the increasing of the magnetic power amplitude and it seems that two dipoles
with a magnetic nature are interacting.
In the case of two nanoholes, if both of holes lie along the major and/or minor axisthe struc-
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Figure 3: The schematic representation for arrangements of two nanoholes. (a) p-config., (b) s-config.
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Figure 4: (a), (c) The field profile of electric field component of a rectangular Au nanoparticle in its LSP
wavelength, (b), (d) normalized transmission for each configuration.

ture is called serial (s-config.) and/or parallel (p-config.) configuration, respectively. Fig. 3(a)
and Fig. 3(b) illustrate the schematic representation for two nanoholes with p- and s-config. arrangements. In addition, the normalized electric field for s- and p-config. nanoholes is depicted in
Fig. 4(a) and Fig. 4(c), correspondingly.
Figures 4(a) and 4(c) show the normalized transmission of the two s- and p-config. nanoholes
with the separation distance ∆, respectively. According to Fig. 9(a) the second (long wavelength)
resonant mode blue shifts and the energy of the coupled magnetic dipoles increases at this mode,
by increasing the distance from ∆ = 5 to 15 nm. In contrast, the first resonant mode experiences
a trivial red shift, by expanding ∆. The controlled increasing the distance leads to contribution
of more free electrons in coupling mechanism and a constructive interaction occurs. The short
wavelength minimum peak in transmission spectrum, at λ = 580 nm, is due to Au interband
absorption [1], which decreases the normalized transmission amplitude. Moreover, increasing ∆
enhances the antisymmetricplasmon hybrid resonances at the second mode wavelength.
This issue compensates the expected intensification of the Au interband absorption, through
increasing the separation. Fig. 9(b) shows the normalized transmission for a pair of nanoholes in
the p-config. structure. It can be seen that this configuration is not proper for increasing the
interaction of the nanoholes, with similar dimensions and distances.
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3. CONCLUSION

In summary, the nature of the coupling mechanism between the two nanoholes identified using
electric and magnetic normalized power amplitudes and confirmed with quasi-static approximation
method. According to the incident beam polarization, if the polarization of the incident magnetic
field is directed along the nanohole’s axis, two peaks are obvious which are related to the in-phase
and anti-phase magnetic dipole radiations. Instead of changing the polarization, two structures for
arranging the subwavelength apertures are defined as s- and p-config. For the s-config. arrangement
of the nanoholes, and with the separation distance ∆ = 10 nm two distinct resonant peaks are
excited at the normalized transmission spectrum at λ = 697, and 904 nm which are due to the
in-phase and anti-phase interactions of the magnetic dipoles related to each nanohole. However,
for the p-config. arrangementone resonant peak occurs at λ = 695 nm for the conditions same as
the s-config.
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